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ABSTRACT

We studied a large sample of ~ 4000 high redshift Lyman-alpha Emitters (LAEs) in
order to determine their properties and infer how they might have evolved into the
local Universe. This was done through the exploration of the SC4K survey (Sobral
et al. 2018a) and making use of the Hubble Space Telescope (HST), Chandra X-ray
Observatory (Chandra) and the Very Large Array (VLA). We find that SC4K LAEs
are mostly (69 & 4%) compact disky galaxies (average Sérsic index, n = 1.9 £ 2.2)
The average star formation rate SFRy, of LAEs is &~ 17 Mg yr—!. We find that SFR
increases with increasing stellar mass. We also observed a characteristic ‘peak’ in SFR,
at M ~ 103 Mg, at redshift z ~ 2.5, and progressing to higher stellar masses at higher
redshifts. We find a total of 303 X-ray or radio detected active galactic nuclei (AGN)
within the SC4K catalogue. These AGN have a range of black hole accretion rates
(BHARs) from ~ 0.03 Mg yr~! to ~ 3.3 Mg yr~!. The AGN fraction increases with
increasing Lya luminosity and decreases with increasing redshift, peaking at z ~ 3.
LAEs found at z ~ 2—6 with a stellar mass M ~ 1019 M, and a SFR ~ 5.4 Moyr—! are
consistent with being progenitors of Milky Way-like galaxies progenitor. Additionally,
we found that the majority of the SC4K LAEs consists of cluster-like progenitors that
will go on to form the brightest cluster galaxies (BCGs) in the local Universe.
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1 INTRODUCTION

Galaxies formed in the early Universe, a few billion years
ago, as matter cooled and collapsed into regions of higher
density, described by A cold dark matter (ACDM) cosmol-
ogy. Baryonic matter coalesced into stars which then be-
came gravitationally bound into galaxies which where sur-
rounded by dark matter halos that formed the cosmic web
(see Somerville & Dave (2015) and references therein). These
first galaxies continued to evolve, with stars dying and en-
riching the surrounding interstellar space with gas and dust.
New stars then form as the gas and dust cools and collapses
into denser regions once again.

With the advancements in high redshift observations,
understanding the formation and evolution of early galaxies
over cosmic time is the focus of much research (see e.g. Stark
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2016; Gruppioni et al. 2013; Lehmer et al. 2013a; Marchesini
et al. 2009; Muzzin et al. 2013; van Dokkum et al. 2013).

As the very early Universe contained no metals (atoms
and ions above a proton number of 2), the first stars that
formed where comprised of only hydrogen and helium. These
first stars, called Population III stars, were very massive
and short lived, forming metals and enriching galaxies when
they died (e.g Sobral et al. 2015). The stars that followed,
Population I and Population II, did contain metals and thus
where smaller with longer lifetimes, as fusion within these
stars could proceed through the more efficient CNO cycle,
allowing the stellar mass of galaxies to increase.

Galaxies continue to form stars as they evolve through
cosmic time. Many studies have shown that the star forma-
tion rate density (SFRD) of the Universe evolves with cosmic
time, peaking at a redshift of z ~ 2—3 (e.g. Lilly et al. 1996;
Sobral et al. 2012b; Madau & Dickinson 2014) and decreas-
ing towards higher redshifts, and thus earlier cosmic times
(see Khostovan et al. 2015).

The hydrogen spectral emission line Lyman-alpha
(Lya), with a rest-frame wavelength of 1215.67 A, is found
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to be strongly emitted by star forming galaxies (SFGs) and
active galactic nuclei (AGN) (e.g. Charlot & Fall 1993) and
is the strongest optical and UV emission line, with the
high equivalent width (EWg) making spectroscopic follow-
up easy for galaxies that emit Ly« photons (e.g. Hashimoto
et al. 2017). However Lya photons are readily scattered
by the gas and dust in the interstellar medium (ISM) of
the galaxies that produced them and in the circumgalactic
medium (CGM) surrounding galaxies (see Wisotzki et al.
2016). This leads to changes in the strength of the Ly« line
of a galaxy’s emission spectrum, depending upon the relative
distribution of gas and dust along the line of the emission
path between the source and the observer (e.g. Laursen et al.
2013; Neufeld 1991). As such not all star forming galaxies
can be identified with this spectral line.

Lya emitting galaxies (LAEs) have been found to be
young, bluer galaxies with a low dust content (e.g. Oteo
et al. 2015; Sobral et al. 2015; Bacon et al. 2015), as Ly«
typically probes lower stellar mass galaxies (e.g. Hagen et al.
2016). Other studies, however, suggest Lya probes more var-
ied types of galaxies, with some old, redder, dusty LAEs be-
ing found (e.g. Hathi & Le Févre 2016). Most early SFGs
are found to be LAEs with progenitors of many types of
present day galaxies (e.g. Pirzkal et al. 2007; van Dokkum
et al. 2013), making them excellent sources from which the
evolutionary history of present day galaxies can be inferred.

As Lya traces the formation of stars in a galaxy, the Lya
luminosity of a galaxy is regularly used to calculate the SFR,
of LAEs (see e.g. Sobral et al. 2018a, and references there in).
After the epoch of re-ionisation, at z ~ 6, more light was able
to escape from galaxies, producing an increase in the number
of LAEs which are observed (e.g Hayes et al. 2011). The star
formation rate (SFR) of galaxies after this redshift has been
seen to remain approximately constant, with a characteristic
Lya luminosity of 10*2% ergs™ up to z ~ 2 (e.g. Sobral
et al. 2018a). Other studies (e.g. Santos et al. 2016) have
also shown that the function of the Lya emission remains
approximately constant over a redshift range of z ~ 3 — 6.
The SFR of a galaxy can be calculated from the measured
luminosity of the galaxy at a particular wavelengths which
are emitted by short lived stars or by the gas around star
forming regions, with UV, far infrared (FIR), radio and X-
ray wavelengths being among those used.

Despite the majority of the population of LAEs being
SFGs, the brightest of these galaxies are typically found to
be AGN (e.g. Sobral et al. 2018b). Thus, the Lya emis-
sion observed for these galaxies may be produced by the
supermassive black holes at the centre of these AGN and
therefore Lya traces the accretion rate of AGN (e.g. Cal-
hau 2019). AGN also appear as bright X-ray sources, due
to the X-ray emissions of the black hole accretion disc, due
to the frictional heating of matter within the accretion disc,
with most X-ray detections occurring in a redshift range of
z ~ 2.2—3.5 (e.g. Haardt & Maraschi 1991). This allows the
black hole accretion rate (BHAR) to be calculated from the
X-ray luminosity, which provides a measure of the activity
of the AGN. Using the X-ray emission of AGN, the BHAR
has been found to evolve over time, peaking at a similar red-
shift to the SFRD at a redshift of z ~ 2 — 3 (e.g Madau &
Dickinson 2014; Lehmer et al. 2013b).

AGN have also been found to emit strongly in radio
wavelengths. Unlike the X-ray and Lya emission, the radio

emission of AGN traces the high energy particle jets and
lobes that form from particles ejected by the supermassive
black hole into the intergalactic medium (IGM) (e.g. Netzer
1989). Studies have found no relation between the Lya and
radio emission of AGN, which is likely due to the different
mechanisms of AGN activity which the two emissions trace
(e.g. Calhau 2019).

The morphology and size of galaxies has been found to
evolve over cosmic time, becoming larger and more struc-
tured towards lower redshifts. LAEs are typically compact
galaxies at higher redshifts (see Paulino-Afonso et al. 2018,
and references there in), with SFGs also being found to have
similar morphologies in the early Universe. Studies have also
shown that the most massive galaxies are far more compact
at around cosmic noon, z ~ 2, (e.g Cassata et al. 2010; van
Dokkum et al. 2013) which leads us to expect there to be
some dramatic increase in the overall size of these galax-
ies with little additional formation of stellar mass between
z ~ 2and z ~ 0 (see e.g. Vika et al. 2013, and references
therein). This increase in size could be due to the rapid pro-
duction of stellar mass prior to this increase in size, causing
these galaxies to rapidly expand due to the sudden increase
in radiation pressure between the stars.

In Paulino-Afonso et al. (2018), with only a small sam-
ple size, little evolution was found in the size of LAEs since
a redshift of z ~ 6, however some evidence for size evolution
at a redshift of z ~ 2.5. In the same study, the Sérsic indices,
a measure of the distribution of light emission from which
a measure of the radius of a galaxy can be found, (see e.g.
Sérsic 1963; Caon et al. 1993), of LAEs were found to evolve
with cosmic time, irrespective of the Lya luminosity of the
galaxy itself.

The evolution of the SFR, morphology and AGN ac-
tivity of LAEs with cosmic time, and their growth into the
galaxies in our local neighbourhood is the focus of this paper.
We investigate properties of the SC4K sample, presented in
Sobral et al. (2018a), which is comprised of 3908 LAEs across
a redshift range of z ~ 2 — 6. This is done using catalogues
of spectral data for these Lya galaxies and images from the
COSMOS Survey (see Elvis et al. 2009), from which the
morphologies, SFR and AGN activity for this catalogue of
LAEs are measured and the growth of the Ly« galaxies and
evolutionary trends in the data investigated.

Our paper is organised as follows. In Section 2 we
present the SC4K catalogue used in this paper. The meth-
ods employed are presented in Section 3, with the methods
for investigating the morphologies, AGN activity and SFR
detailed in Section 3 and the results presented in Section 4.
The methodology and results on progenitor LAEs are pre-
sented in Sections 5.1 and 5.2. The results then discussed in
Section 6 and finally the conclusions are presented in Sec-
tion 7. Throughout this paper we use AB magnitudes (Oke
& Gunn 1983), Salpeter IMF (Salpeter (1955)) and ACDM
cosmology, with Hy = 70.0 kms™'Mpc™!, Qu = 0.3 and Qa
= 0.7.

2 DATA AND SAMPLE
2.1 The SC4K Sample of Lyman-alpha Emitters

In this work we explore the SC4K sample which contains
~ 4000 LAEs with redshifts ranging from z ~ 2 — 6 split
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between 16 redshift slices, located within the COSMOS field,
as in Sobral et al. (2018a). These LAEs were selected by
identifying objects with an emission line equivalent width
(EW) > 50 (142) A and an emission line excess significance
(3) > 3. EW was calculated in Sobral et al. (2018a) as:

fus — fBB )
feB — fmB(AAMB/ANBB)

where fup and fep are the flux densities of the filters
and AMus and AMgp are the full width at half maximum
(FWHM) of the medium band (MB) and broad band (BB)
filters (see Table 3).

This catalogue incorporates data from 12 MB and 2
NB filters from the Suprime-Cam instrument on the Subaru
telescope, complemented by 2 narrow band (NB) filters from
the 2.5 m Isaac Newton Telescope’s (INT) Wide Field Cam-
era. Between these 16 filters the data encompasses a range
of wavelengths from 3920 —8270 A(Sobral et al. 2018a). The
50 depth in 2.1 arcsecond apertures of the MB filters ranges
from 25.4 — 26.1, whilst the 50 depth in 3 arcsecond aper-
tures of the NB filters ranges from 23.7 — 24.5. The precise
methodology used to obtain this catalogue is detailed in So-
bral et al. (2018a). Other studies in the literature have used
this sample e.g. Sobral et al. (2018a), Shibuya et al. (2019).

EW = Alus

2.2 Obtaining Images for Visual Inspection

The images used throughout this study were obtained using
the COSMOS Cutouts tool!, which provides fields with 1 —
180 arcsecond diameters within the COSMOS Survey field as
seen by a variety of telescopes and filters. These images are
provided by the COSMOS archive, which serves the Cosmic
Evolution Survey project — a targeted survey covering a 2
deg? area over the equator with a wide variety of ground and
space-based telescopes. Between these telescopes this field is
imaged in a variety of wavelengths, ranging from X-ray to
radio. In this paper we used images from the HST (A = 8140
A) (Koekemoer et al. 2007), Chandra (A = 2—25 A) (Civano
et al. 2016) and VLA (A = 10 cm, 20 cm) (Smolcié¢ et al.
2017).

3 METHODOLOGY
3.1 Morphologies
3.1.1  Visual Classifications

A set of 2”7 by 2” images of the 1000 LAEs with the low-
est broad band magnitudes, Mgg, in the SC4K data set
was produced using the the HST-ACS Tiles setting on the
COSMOS Cutouts tool, as mentioned in Section 2.2. This
reduced set was used because many of the 3908 SC4K galax-
ies cannot be visually classified using HST-ACS Tiles images
as they are not visible in said images. Thus we only classified
galaxies with Mg < 25.1974 (this number was arbitrarily
chosen to give a set of 1000 galaxies). Broad band magnitude
here refers to use of the F814W filter which has an effective
wavelength, Aeyr = 8140 A, and a rest frame that is depen-
dant upon the relationship, %, where z is the redshift of

L https://irsa.ipac.caltech.edu/data/COSMOS/index_cutouts.html
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1: Compact

0: Point-like

Figure 1. Example galaxies and their assigned visual classi-
fications. Top left: 0 corresponds to point-like, a small point
source. Top right: 1 corresponds to compact, an extended circu-
lar source. Bottom left: 2 corresponds to disky, an extended oval
or disk-shaped source. Bottom right: 3 corresponds to irregular,
a clumped obscurely-shaped source with multiple components.
There is no example of the —1 classification as these were unclas-
sifiable and as such do not have a set morphology.

the source, such that the rest frame at our highest redshift
(2 ~5.8) is ~ 1197 A and at the lowest (z ~ 2.2) is ~ 2528
A. Each of the galaxies in this reduced data set (known as
1000 Brightest, see Table 1) was then independently clas-
sified by three different team members in SAOImage DS9,
using the same viewing settings. The classification scheme
used split galaxies into four groups of decreasing compact-
ness (inspired by a similar method used in Paulino-Afonso
et al. 2018), with 0 as point-like, 1 as compact, 2 as disky
and 3 as an irregular/merger galaxy as shown in Figure 1.
The additional classification of —1 was added for galaxies
it was not possible to classify on this scale, either because
there was no image of the galaxy or the galaxy could not be
seen in the image.

A mean was calculated from the three independent clas-
sifications as well as a standard deviation. The independent
classifications were then plotted against this mean to en-
sure that, while independent, they were consistent with each
other. This showed that each set of classifications had a cor-
relation of greater than 0.9 (with 1 being perfect correla-
tion) with the mean and thus these results could be used for
further analysis. A reduction condition was applied that all
means in the range of —1 to —0.5 were removed as they could
not be classified and then the mean visual classification and
standard deviation per redshift slice was calculated. For a
complete list of data reduction conditions and distribution
of sources with redshift see Table 1.
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8.1.2 GALFIT Analysis of SC4K LAFEs

We use results from Paulino-Afonso et al. (2018), in which
the Sérsic profile was fitted to the observed light profile of
all of the 3908 galaxies in the SC4K data set using GALFIT
(Peng et al. 2002, 2010). This produced values for the fit-
ted half light radius (r.), Sérsic index (n), observed 20%,
50% and 80% light radii (r20, 750 and rgo, the radii at which
20%, 50% and 80% of the observed light falls within r, re-
spectively), and the compactness (C) of 3081 galaxies. While
GALFIT converged for 3081 of the 3908 SC4K galaxies, a fur-
ther 1478 r. and n values were removed under the conditions
that % < :560 < 3, which ensures r. is kept relatively close
to 750, and that n < 10, as where this limit is exceeded it is
an indication that the fitting process has failed (the result-
ing distribution of the data set can be seen in Table 1). The
remaining results were then used both in this form and, as
in Section 3.1.1, in a mean value per redshift slice (alongside
a corresponding standard deviation).

8.1.83 Stellar Masses

In Santos et al. (in prep.) different magnitudes are trans-
formed into flux densities, SED fitting is then used to fit this
data with curves describing stellar population from which
the stellar mass needed to produce said populations were
then calculated. This paper uses a reduced set of this data by
removing all AGN (by removing all X-ray and radio sources,
see Section 3.2), which skew stellar mass measurements due
to their extra light output, and galaxies with stellar masses
M such that Mgtellar < 8, where Mgenar = log (Ml\—é) This
is because these values are numerical artefacts due to our
data not being deep enough to detect such galaxies as they
are not luminous enough. The mean stellar mass per redshift
slice and corresponding standard deviation was then calcu-
lated from the resulting data set (see Table 1) as in Section
3.1.1.

3.2 X-ray and Radio: AGN
8.2.1 Determining AGN

An image of the entire COSMOS field was obtained as
viewed by the Chandra X-ray Telescope in three different
X-ray energy bands: 0.5 — 2 keV (soft), 2 — 7 keV (hard)
and 0.5 — 7 keV (full). As in Sobral et al. (2018a), we follow
(Calhau 2019) and create cutouts of each object to then cal-
culate their X-ray fluxes, X-ray luminosities and black hole
accretion rates (BHAR). The same method was then used on
similar whole field images from the VLA radio observatory,
with bands of 1.4 GHz and 3.0 GHz. The two new catalogues
were then matched together, and the 303 objects which had
been detected in any of the wavebands were marked as AGN.
Note that there is some overlap - some objects were detected
in multiple wavebands. An object was considered detected in
a band if its signal was greater than 3 times the noise value,
and the number of sources that fit this criteria in each band
are given in Table 2.

Each of these was visually inspected to determine which
had visible jets, lobes or particularly bright centres in the
X-ray and radio wavelengths. This was done by viewing a 15

arcsecond cutout image of each object in both radio wave-
lengths (10 cm and 20 cm) and the soft X-ray energy band
(0.5 — 2 keV), then combining these three images into one,
with each wavelength being assigned to be either red, green
or blue for added clarity. These colour images were then in-
spected to identify key features. This process also revealed
that two of the objects identified as AGN were the same
object viewed in the SC4K sample through different filters,
as explained in Sobral et al. (2018a).

8.2.2 Calculating Black Hole Accretion Rate

To calculate the BHAR of the AGN, we follow Calhau
(2019), beginning with calculating the X-ray flux from the
count rate, as in Equation 2.

1cm72) (2)

CF is a conversion factor with values of 0.687, 3.05 and 1.64
for the soft, hard and full X-ray bands respectively. These
values were obtained by taking the average of the values
given in Elvis et al. (2009) and the more recent paper Civano
et al. (2016). From these fluxes we then calculate the lumi-
nosity with Equation 3,

LiXray = 47Fx_rayd} (erg s™") (3)

Fx_ray = (counts/s) x CF x 10~ (erg s~

where dy, is the luminosity distance in cm, converted from
the values given in Table 3.

This then required correction by multiplying it by a K-
correction factor and converting each band’s luminosity into
the 0.5 — 10 keV luminosity, as in Equation 4:

Lix-ray (10371 — 0,521
Emaz(l + Z))(Q_F) - (Emzn(l + Z))(Q_F)

where z is the redshift, I' is the photon index assumed to
be 1.4 as in Calhau et al. (in prep.) and Epqz and Ep,ipn are
the maximum and minimum energies of each band.

Before obtaining the BHAR, we must multiply our K-
corrected luminosities by a bolometric correction value. This
value is extremely variable, but we take it to be 22.4 as in
Lehmer et al. (2013a), as this is the median value for AGN
with Lx.ray = 10* —10%¢ erg s™1. The BHAR of our sources
can then be calculated using Equation 5:

AGN
MBH — (1 - 6)Lbol (5)

c2e

(4)

Lo.s—10kev = (

where Mgy is the BHAR in units of Mgyr !, ¢ is the speed
of light and € is the accretion efficiency, taken to be 0.1 as
in Marconi et al. (2004).

3.3 Calculating Star Formation Rates

There are a number of techniques and calibrations one can
use to estimate the star formation rate (SFR) in distant
galaxies. HII regions are created around O and B type stars
when ultraviolet (UV) photons ionise the surrounding hydro-
gen. When the ionised hydrogen ions recombine with elec-
trons, they emit photons of characteristic frequency such
as Lya and H-alpha (Ha). In this way we can measure the
number of photons and calculate the SFR in distant galaxies.
Ideally we would use the Ha line to measure instantaneous
SFR. However, the Ha rest frame is at 6563 /Q&, which is no
longer visible in the optical range at redshifts greater than
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Data Reduction Total Number Data Set
Set Conditions of Sources Used for
Full SC4K None 3908
1000 Brightest Mg < 25.1974 1000 Cutouts
VC Mean Trusted Mpp < 25.1974, VC Mean > —0.5 788 VC Mean
GALFIT Output GALFIT Converges 3081 720, 750, 780, C
Sérsic Trusted GALFIT Converges, % < ::0 <3, n<10 1603 Te, N
Mass Trusted Mstellar > 8 3425 Mstellar

Redshift Full SC4K VC Mean Trusted GALFIT Output  Sérsic Trusted Mass Trusted
z Sources (%) Sources (%) Sources (%) Sources (%) Sources (%)
2.22 4.1+£0.3 5.8+£0.9 4.3+£04 34+£0.5 1.84+0.2
2.51 19.0+0.8 18.8 £ 1.7 19.4+0.9 20.1£1.2 19.6 £0.8
2.82 8.0£0.5 11.5+1.3 7.7+£0.5 7.6 +£0.7 8.3+0.5
2.98 18.2+0.7 11.3+1.3 18.5+0.8 18.3+£1.2 18.9+0.8
3.12 1.15+0.17 22+0.5 1.44+0.2 1.14+0.3 0.76 = 0.15
3.15 12.44+0.6 184+ 1.7 12.34+0.7 13.3+1.0 13.24+0.7
3.33 16.4 £ 0.7 155+ 1.5 16.6 = 0.8 16.8+1.1 17.3+£0.8
3.72 254+0.3 4.6+0.8 2.54+0.3 274+04 274+0.3
4.13 3.6£0.3 1.84+0.5 3.7+£04 3.8+0.5 3.9+0.3
4.58 2.04+0.2 1.5+04 2.240.3 21404 1.9+0.2
4.83 2.1+0.2 29+0.6 2.0+£0.3 1.94+0.3 2.3+£0.3
4.85 2.04+0.2 1.3+04 1.9+0.3 1.9+04 2.14+0.2
5.07 2.0+£0.2 2.8+0.6 2.0+£0.3 2.0+04 2.0+£0.2
5.31 0.84 £0.15 1.0£04 0.78 £0.16 0.7+0.2 0.88£0.16
5.71 49+04 - 4.8+04 3.6+0.5 3.8+0.3
5.80 0.90 £0.15 0.54+0.3 0.75£0.16 0.50 £0.18 0.67£0.14

Table 1. The reduction conditions used in Section 3.1 on the SC4K catalogue and the number of sources in the data sets produced, includ-

ing the percentage of each data set’s total number of sources in each redshift slice (Percentage =

Number of Trusted Sources in Slice
Total Number of Sources for this Data Set

).

Where Mpg is the broad band magnitude of the galaxy (note, this will range from u and B to i and z bands) and VC Mean is its mean
visual classification. The — in the VC Mean Trusted column is due to a lack of any sources for this redshift slice.

‘Waveband Number of Detected Sources
Detected Sources (%)
1.4GHz 54 1.38
3.0GHz 84 2.15
Soft 235 6.01
Hard 206 5.27
Full 223 5.71

Table 2. The number of sources with a signal value greater than
3 times that of the noise value in each waveband. 1.4GHz and
3.0GHz are the radio wavebands, and Soft, Hard and Full are the
X-ray wavebands with energies of 0.5 — 2 keV, 2 — 7 keV and
0.5 — 7 keV respectively as described in Section 3.2.1.

z ~ 2.5, and hence we cannot observe it using ground based
telescopes. Future work (when the JWST launches) will be
able to calculate SFRs at high redshift using the Ha line,
which can then be compared to that of Lya.

In this paper, we use Lya luminosities, rest-frame UV
magnitudes, along with radio and far infrared (FIR) stacking
to calculate SFRs. Each of these processes traces a different
aspect of star formation, and thus gives different implica-
tions for SFRs.

The first step in making use of the data was to reduce
the relevant catalogues to only those sources not affected
by AGN. This is because the accretion disks of AGN emit
photons across a range of frequencies, some frequencies to a
greater extent than others (e.g. radio and Lya) — see Section
4.2 — and would therefore produce seemingly high SFR val-
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ues and contaminate the results if included. We eliminated
all possible AGN by excluding all sources that were detected
to emit significantly in either radio and/or X-ray (as detailed
in Section 3.2), which are clear indicators for AGN activity.
Despite the FIR data not being so affected by AGN emis-
sions — as FIR traces dust-obscured SFRs (Calhau et al.
in prep.) — excluding them meant that the subsequently ob-
tained SFRs from FIR stacking could be compared alongside
those from radio.

The methodologies behind Lya luminosity and UV
magnitude results are covered in Section 3.3.1 and Section
3.3.2, respectively, and those for radio and FIR stacking are
detailed in Section 3.3.3 and Section 3.3.4, respectively.

3.3.1 Lyman-alpha

Lya is emitted from ionised gas around star forming regions
and AGN, and therefore traces O and B type stars (M > 10
Mg) with lifetimes of the order of ~ Myrs. Hence, Ly« can
give an excellent indication of the instantaneous SFR in a
galaxy. However, a significant fraction of Lya photons are
scattered by the interstellar medium (ISM) leading to kpc-
long random walks. As a consequence, there is a very high
probability that Lya photons are absorbed by dust parti-
cles and destroyed. This leads to the amount of photons we
receive being lower than expected, resulting in lower calcu-
lated SFRs (Sobral & Matthee 2019).

Through the process of excluding AGN from the cata-
logue we found that, in our original sample of 3908 sources,
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109 emitted strongly in the X-ray, and 62 emitted strongly
in the radio. 142 sources emitted strongly in either or both,
leaving 3766 sources available for us to investigate Lya
SFRs. Some of the average properties of this sample are
presented in Table 3.

We follow Sobral & Matthee (2019) for the dust cor-
rected SFR, in Mpyr™!, based on Kennicutt (1998) and a
Salpeter IMF (0.1 — 100 M) using Equation 6:

LLya X 7.9 X 10_42
(1 — fese,nyc)(0.042EW)

where Liyq is the Lya luminosity, EWj is the rest frame
equivalent width, and fesc,Lyc is the Lyman continuum es-
cape fraction. We assume that fesc,nyc = 0.

Once we had obtained individual SFRs for each source,
we averaged the SFR of all sources in each redshift bin, in
order to obtain an average SFR per redshift bin, with associ-
ated standard deviations on both the SFR and the redshift.
The redshift bin allocations are outlined in Table 3.

We found that the average SFRry. was 16.5 £ 0.3
Meyr~!, with a standard deviation of 21.0 Mgyr~' over
the 3766 sources.

SFRLya = (£15%) (6)

8.8.2 Rest-frame Ultraviolet

Younger and more massive stars (O and B type) emit
strongly in the UV, and in a similar fashion to Ly, we can
use rest frame UV magnitudes to calculate instantaneous
SFRs. Sobral et al. (2018b) gives the UV SFR in Mgyr™*
using Equation 7:

SFRuv = (1.4 x 107 2%)4rr x 9.521 x 10°® x 107 0-4(Muv+48.6)
(7)

where the absolute UV magnitude Myv is calculated using
Equation 8:

dr

MUV = muv — 510g10 <Tpc

) + 2.5logo(1 + 2) (8)
where we use the rest frame B band from SED fitting as in
Ibert et al. (2009) for myv , and dr, is the luminosity dis-
tance. Note that we use the B band as in Ilbert et al. (2009)
for myv across the whole redshift range, but this method
will become less accurate as we move to higher redshifts, as
the wavelength we observe the rest frame to be at increases.
Future work to improve on this would be to use different
bands for different redshifts.

In the same way as for Lya, we averaged individual
SFRs over the redshift bins outlined in Table 3. We found
that the average SFRuv to be 4.55 Mgyr~! with a standard
deviation of 4.73 Meyr~! across 3766 sources.

3.8.3 Radio

We made use of data from radio stacking; a technique in
which data from many individual objects is combined in
order to determine the average properties of sources that
are too faint to be detected individually. Stacked values
of certain average galaxy properties, such as flux densi-
ties, from Calhau (2019) were used for given redshifts. The
stacking process results in these values being upper limits,
rather than direct measurements. Once the determined AGN

sources were removed from the data set, leaving only non-
detections, the luminosity distance di, of each redshift bin
was calculated from the median z value. This was done us-
ing a calculation following Hogg (1999), with the Hubble
constant Hy and energy density distributions stated in Sec-
tion 1. The obtained dr, values (used for both radio and FIR
stacking methods) are presented in Table 3.

Following Calhau (2019), the upper limits of flux den-
sities for 1.4 GHz were used to determine the upper limits
of luminosities L1 4¢u, in WHz ™! using Equation 9,

Liach, = 47diS1.acH, X 10—33(1 + Z)a—l ©)

where dr, is the luminosity distance in cm, S1.4GH; is the flux
density at 1.4 GHz in mJy, z is redshift and « is the the radio
spectral index, assumed to be 0.8 (Delhaize et al. 2017).
Often, a similar process is also carried out for frequency 3.0
GHz as this probes deeper still than 1.4 GHz. In this work,
however, we focus just on 1.4 GHz radio luminosity.

The upper limits of SFR1.4cH., in Mgyr~?, could then be
calculated from the obtained luminosities following Calhau
(2019) (submitted) using Equation 10 (Karim et al. 2011).

SFRicm, = 3.18 X 10~ %Ly 4qm. (10)

These values are for a Chabrier IMF and as such were
later scaled by a factor of % to a Salpeter IMF for com-
parison with the values obtained through the methods out-
lined in Section 3.3.1. The SFR upper limits calculated
(103 Meyr~"' < SFRyach, S 2440 Meyr™!) are discussed

in further detail in Section 6.2.

8.8.4 Far Infrared

Similarly to the process carried out for radio stacking, SFR
upper limits were determined using stacked FIR data from
Calhau (2019). The original flux density limits (actually 3 x
noise, rather than “data points”) in the catalogue were in
units of Jy and first had to be converted into flux densities
per wavelength. Once this was done, the flux densities for
each redshift were plotted against rest frame wavelength, Ao,
which were calculated from the observed wavelengths, Aobs,
provided in the data catalogue using the relation given by
Equation 11.

>\obs

=01y (11)

To obtain the upper limits of total flux across the FIR
wavelength range, the flux densities were also converted into
rest frame values by multiplying them by a factor of (1 + z)
before integrating. As all that was available was the given
flux density values, the functional form of this plot was
unknown. This was approximated as a Planck black body
curve, shown by Equation 12, which was manually modi-
fied in each case to best fit the upper limit values. This
approximation can be made as FIR emissions are due to the
absorption of UV radiation by dust in HII regions and its
subsequent re-emission in the far infrared range after the
de-excitation of the heated dust particles. This black-body-
like radiation corresponds to a temperature in the range
~ 20 — 80 K.

The method used is a simplified form of spectral energy
distribution (SED) fitting and an example for z ~ 3.3 is
shown by Figure 2.
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Filter Ae Average Liyq Average Mass Bin No. Sources 21.4GHz,FIR dp,
[A]  [logio(erg s™1)]  [logio(Mg)] [10* Mpc]

NB392 3920 42.6 9.22 z~ 22 146 2.51 2.05
T1A427 4270 42.7 9.09 zn~25 714 2.82 2.35
TA464 4640 42.9 9.16 z~ 3.1 293 2.98 2.52
TA484 4840 42.9 9.12 z~ 3.1 673 3.15 2.70
NB501 5010 43.0 9.38 z~ 3.1 39 3.33 2.88
TIA505 5050 42.9 9.28 z~ 3.1 467 3.72 3.29
TA527 5270 42.9 9.27 z~ 3.1 626 4.13 3.72
T1A574 5740 43.0 9.38 z~ 3.9 96 4.58 4.21
TA624 6240 43.0 9.22 z~ 3.9 141 4.83 4.48
TIA679 6790 43.3 9.42 z~ 4.7 76 5.07 4.74
TA709 7090 43.19 9.29 z~4.7 80 5.31 5.00
NB711 7110 42.8 9.10 z~ 4.7 78 5.71 5.45
TA738 7380 43.27 9.46 z~54 78 - -

IA767 7670 43.4 9.48 zn~54 32 - -

NB816 8160 42.9 9.40 z~54 192 — —

TA827 8270 43.5 9.69 z~54 35 - -

Table 3. The redshift bin allocations for our sample (Sobral et al. 2018a). 21 4GHz FIR are the median redshift values from the stacked
radio and FIR data (Calhau et al. in prep.) detailed in Section 3.3.3 and Section 3.3.4 and correspond to luminosity distances dr,. The

— is due to lack of values.
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Figure 2. The rest frame FIR flux density (3 X noise) against
rest frame wavelength for z ~ 3.3. The red curve is a Planck
black body curve, given by Equation 12 for temperature T = 102
K, with its amplitude modified to best fit the flux density limits.
This temperature is higher than might be expected (on the order
of ~ 10 K) but this is due to the limitations of the black body
approximation. The value of T was chosen in each case to fit the
values, rather than directly corresponding to the properties of the
emission. Another potential SED fitting approach to improve on
this is to make the “greybody” approximation discussed in Casey
(2012) but not applied in this work.

This curve was then integrated with respect to wave-
length, providing the upper limit of total flux for the given
rest frame wavelength range.

2hc? 1
Br(\,T) = 12
)\( ) A\ eXp()\I:L;T) 1 ( )

B, is the spectral radiance for wavelength A, T is the tem-
perature, h is Planck’s constant, and kp is Boltzmann’s con-

NLUAstro 1, 39-58 (2019)

stant. From the flux obtained through the integration of this
function, luminosities Lrir could then be calculated in units
of ergs™! using Equation 13,

Lrr = 47d? frim (13)

where d, is the luminosity distance in cm and frrr is the flux
in ergs”'cm™2. SFRyr values, in Mgyr~ !, could then be
calculated from the luminosities obtained using the relation
given in Kennicutt (1998), as displayed by Equation 14 .

SFRrr = 4.5 x 10" *Lpr (14)

The SFR upper limits determined from FIR stacking
data (68.4 Meyr~' < SFR;.4ch. < 1820 Meyr™!) are dis-
cussed in Section 6.2.

3.3.5 Star Formation Rate Density

Star formation rate densities (SFRDs) are essentially the
amount of stars forming per unit co-moving volume. It is
important to note that the SFRDs in this paper were calcu-
lated differently to the SFRs. To determine the Lya SFRD in
Meyr~*Mpc ™2, we follow Sobral et al. (2018a) using Equa-
tion 15:

PLya X 7.9 x 10742
(1 - fesc,LyC) x 0.042EW

SFRDLya = (15)
where pryq is the Lya luminosity density. We follow Sobral
et al. (2018a) in deriving pry by integrating the Lya lumi-
nosity function for each redshift slice in the SC4K sample.
To determine the UV SFRD, we took the rest frame
UV SFRs calculated previously as in Section 3.3.2, and pro-
duced histograms of the weighted count of each galaxy with
a certain SFR for each redshift bin. The weighted count n
was calculated by dividing the number of sources N by the
co-moving volume of the redshift slice V multiplied by the
width of the SFR bin (ASFR), as shown in Equation 16.

_ N
"V x Alog(SFR)

n

(16)
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Figure 3. Determining n* and SFR*, which when combined in
Equation 17 can be used to calculate SFRDyvy .

Visual vC Percentage of
Classification Mean Sources (%)
Point-like —0.5 < VC Mean < 0.5 19.7£1.7

Compact 0.5 < VC Mean < 1.5 39+3
Disky 1.5 < VC Mean < 2.5 302
Irregular 2.5 < VC Mean < 3 11.3+1.3

Table 4. The distribution of the VC Mean Trusted data set (Ta-
ble 1, Section 3.1) over the classification scale described in Section
3.1.1.

An approximate Schechter function was fitted manually to
each histogram, where the ‘typical’ SFR (SFR*) and ‘typi-
cal’ number density (n*) could be approximated. Then, us-
ing Equation 17, the UV SFRD was calculated. The errors
in SFRDuyv, in Figure 15, are proportional to the confidence
in which we determined n* and SFR* using the histograms.
An example is shown in Figure 3.

SFRDuv = / ® dSFRD = SFR* x n* x I'(a + 2) (17)

® is the Schechter function and I is the error function. We
use a = -1.8.

4 RESULTS
4.1 Morphologies
4.1.1  Visual Classifications

Of the 788 galaxies in the reduced data set, most fell into
the compact and disky ranges (see Table 4 for percentage
distributions) while the average value across all redshifts is
1.3 £ 0.8. There is some fluctuation of visual classification
mean (VC Mean) per redshift about this value which can
be seen in Figure 4, with VC Mean per redshift starting at
0.17 + 0.17 at redshift 5.8, climbing to 1.7 4+ 0.9 at redshift
4.1 before declining to 0.8 & 0.8 at redshift 2.2. See Table 5
for more detail.

4.1.2 GALFIT Analysis of SC/K LAFEs

As can be seen in Figure 5, there is a tentative increase
in all measurements of galactic radius with age (increase

W

* Mean Visual Classification
—— Gradient = -0.14+0.04

Visual Classification
a
1
|

A T T
2 3 4 5 6
Redshift

Figure 4. Mean visual classification per redshift slice against
redshift, with standard deviation errors in which the majority of
data points lie in the 1 < VC Mean < 2 range (compact to disky).

in r90 = 0.05 &+ 0.02 kpc per unit redshift, increase in
rso = 0.09 £ 0.04 kpc per unit redshift, increase in rgg =
0.16 +0.08 kpc per unit redshift and increase in r. = 0.18 +
0.07 kpc per unit redshift) with the 50% to 80% light radii
range increasing ~ 1.75 times faster than that of the 20% to
50% range. Our results agree well with those of Paulino-
Afonso et al. (2018), Pirzkal et al. (2007) and Malhotra
et al. (2012) in that, while there is a minor increase of radii
with cosmic time, this is ~ 20 and is around an average
radius of ~ 1 kpc. The Sérsic index has an overall mean of
1.942.2 (this large error is due to the wide range of n values,
0 < n < 10, despite 50% of all n values falling between 0
and 1.5) this is consistent with z ~ 2 — 6 SC4K LAEs being
on average compact disks (which have n ~ 2) from Section
4.1.1. Figure 6 shows a similar pattern to Figure 4, if to a
lesser extent (and within error bars), of starting low (0.94+0.7
at redshift 5.8), increasing so that most mean n per redshift
slice value lie above the fitted line and then decreasing again
(to 1.4 £ 1.8 at redshift 2.2). The overall mean compactness
is 2.6 £ 0.4 and this stays consistent over time (with a rate
of change of —0.00 4 0.07 per unit redshift) within the stan-
dard deviation. This result, and that of the Sérsic index data
are consistent with results from Paulino-Afonso et al. (2018)
which found a mean compactness C~ 2.7, and Sérsic index
n < 2.

4.1.83  Stellar Masses

Figure 7 shows a tentative decrease in mass with age at
a rate of 10%°°%%%5 My per unit redshift. Also shown in
Figure 7 are the Mgteliar values from Pirzkal et al. (2007) and
Shapley et al. (2005), our data does not fit well with most
of the Shapley et al. (2005) data and all but one data point
from Pirzkal et al. (2007) which predict a gradient opposite
to the one produced by our data. However the decrease in
mass with age shown by our data is within the error bars
which are large due to the large range of masses contained
within the means.
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Redshift VC Mean 20 50 T80 C Te n Mgtellar
z (kpc) (kpc) (kpc) (kpc) (log1o(Mo))
2.22 0.8+£0.8 0.5+0.3 1.0+0.6 1.6+1.0 26+04 1714 14+138 9.2+ 0.6
2.51 1.34+0.8 0.42 +0.13 0.8+0.3 14405 26+04 1.0+0.6 242 9.1+ 0.6
2.82 1.3+0.7 0.42 +0.13 0.8+0.3 1.54+06 27+04 1.1+£0.7 242 9.2+ 0.5
2.98 1.44+0.8 0.39 +0.13 0.8+0.3 14406 27+04 1.0+0.6 242 9.1+ 0.6
3.12 0.9+0.6 0.34 +0.13 0.7£0.3 1.24+05 26+04 09+£0.6 242 9.4+ 0.5
3.15 1.6 +0.8 0.41 +0.14 0.8+0.3 14406 26+04 1.0+0.6 242 9.3+ 0.6
3.33 1.34+0.9 0.40 +0.12 0.8+0.3 1.44+05 26+04 1.0£0.6 242 9.3+ 0.6
3.72 1.44+0.9 0.39 +0.13 0.8+0.3 14405 27+04 1.0+0.6 3+3 9.4+ 0.5
4.13 1.7+0.9 0.35 +0.09 0.7£0.2 1.24+04 26+04 09£06 20%1.8 9.2+ 0.6
4.58 1.24+0.7 0.35+0.11 0.7+0.3 1.3+05 27+03 09+0.6 242 9.4+ 0.5
4.83 1.34+0.8 0.36 £0.10 0.69+0.19 13+04 27+£04 09=%05 242 9.3+0.5
4.85 1.24+0.8 0.31+0.10 0.6 £0.2 1.1+05 26+04 08+0.5 1+3 9.1+0.5
5.07 1.0+0.8 0.32+0.11 0.7£0.2 1.24+04 27+04 09+£0.5 3+3 9.5+0.4
5.31 0.9+0.6 0.32 +0.12 0.6 £0.2 1.24+05 28+05 07+£05 21415 9.5+ 0.2
5.71 - 0.24 +0.10 0.5+£0.2 08+04 25405 0.7+0.5 242 9.4+0.4
5.80 0.16 £0.16  0.25+0.09 0.5+0.2 09+04 25404 05+03 09+£0.7 9.7+ 0.3

Table 5. The mean values and standard deviation per redshift slice of the reduced data sets (see Table 1) considered in this study. VC
Mean is the mean visual classification (0 being point-like, 1 is compact, 2 is disky and 3 is irregular, see Section 4.1.1 for more details
on these results). ra9, 50, 8o and 7e are the 20%, 50%, 80% and fitted half light radii (the radii at which 20%, 50%, 80% and half the
light falls within said radius), and C and n are the compactness and the Sérsic index respectively (see Section 4.1.2 for more on these
results). Mggolrar 18 the logged stellar mass of the LAE (see Section 4.1.3 for more on these results). The — in the VC Mean column is due

to a lack of any sources for this redshift slice, as in Table 1.

= Mean rx (This Paper)
= Mean rs (This Paper)
= Mean rg (This Paper)
* Mean r, (This Paper)
— Gradient = -0.05x0.02
Gradient = -0.09+0.04
Gradient = -0.16+0.08

3 — Gradient = -0.18+0.07
s ] * ro (PA2018)
% ] t. (Pirzkal 2007)

* re (Malhotra 2012)
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Figure 5. The sizes of our LAEs as a function of redshift for
different radii (rn) and their standard deviations, where dark
blue is 720, red is r50, green is rgo and black is r. which are the
radii at which 20%, 50%, 80% and half the light falls within said
radius, respectively (see Section 3.1.2). Also shown are r. data
from Paulino-Afonso et al. (2018) in grey, Pirzkal et al. (2007) in
pink, and Malhotra et al. (2012) in light blue.

4.2 AGN

From the Chandra and VLA data, 303 AGN sources in the
SC4K catalogue were identified, 240 of which are detected
at X-ray wavelengths and 119 are detected in the 1.4 GHz
and 3.0 GHz radio bands combined. For all sources detected
in the X-ray wavelength the luminosities calculated where
found in a range between ~ 10*2 ergs™! and ~ 10*° ergs™?.
These luminosities correspond to a range of black hole accre-
tion rates (BHAR) from ~ 0.03 Mg yr™! to ~ 3.3 Mg yr™',
which is consistent with the range of BHARs expected
across this redshift range (e.g. Calhau 2019; Shields 1999).
Two AGN were also found to have much larger BHARs of
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Figure 6. Mean Sérsic index and standard deviation per redshift
slice against redshift showing no evolution which is consistent
with our LAEs on average compact disks (n ~ 2) from z ~ 2 — 6.

(6.9 £2.3) Mpyr ! and (10.0 & 0.1) Mg yr~ !, indicating
highly active AGN in our sample.

The fractions of AGN in the SC4K catalogue across the
range of Lya luminosities and across the redshift range of
the catalogue are plotted (see Section 4.2.1 and Section 4.2.2
respectively) and the trend in the relation between BHAR
and the morphologies of the AGN in our catalogue (shown
in Section 4.2.3) is explored, in order to investigate the lu-
minosity, size and evolutionary trends of the AGN identified
in the SC4K catalogue.

4.2.1 AGN Activity Dependence on Lyman-alpha

Luminosity

The AGN identified in the SC4K catalogue were found to
have Lya luminosities between Liya ~ 10442 elrgsf1 and
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Figure 7. Graph of mean stellar mass and standard deviations
per redshift slice against redshift. Where navy is Mgteljar from
this paper, pink is Mggeliar from Pirzkal et al. (2007), and orange
is Mgtellar from Shapley et al. (2005).

Liya ~ 10*** ergs™" which is consistent with the expected

Lya luminosities of our AGN (e.g. Calhau 2019).

Plotting the fraction of all active galaxies in our cata-
logue, those which are X-ray or radio emitters and the com-
bined fraction, against the Lya luminosity (see Figure 8)
shows that the fraction of all galaxies which are AGN in-
creases rapidly with the luminosity, with only a small frac-
tion at ~ 10%?, increasing almost exponentially as luminos-
ity increases up to ~ 10*°. This trend is in agreement with
that found in Matthee et al. (2017), shown on Figure 8, and
shows a similar AGN fraction to that found with spectro-
scopic data taken in Sobral et al. (2018b) and Wold et al.
(2014).

Whilst there is a general increase in the fraction of
sources emitting in X-ray or Radio, which flows the trends
found in previous studies, it can be seen that the fraction
of sources emitting in the Radio range is consistently lower
than that of the fraction emitting X-rays. This difference
becomes more pronounced at higher luminosities.

At high luminosities the sample size is small which may
cause the results to be skewed due to sample bias, which
causes the uncertainties on the AGN fraction to increase
with the Ly« luminosity of the AGN.

4.2.2  Redshift Dependence of AGN Fraction

Plotting the fraction of AGN in our catalogue at different
redshift bins shows that the fraction of AGN remains rela-
tively low, remaining below 15% of the total sources, across
the range of the catalogue with only slight fluctuations (see
Figure 9), following a similar trend to that found in previous
studies such as Calhau (2019) and Lehmer et al. (2013a).

As shown in Figure 9, the fraction of radio sources shows
a gradual increase as the redshift value decreases, peaking
slightly at z ~ 3 — 4 before decreasing again from z ~ 3 to
z ~ 2. The fraction of X-ray AGN in our catalogue shows a
similar yet less distinct trend with redshift, whilst peaking
at z ~ 3 and z ~ 5.5. From the fraction of AGN in the red-
shift ranges of z ~ 2 — 4 and z ~ 4 — 6 the overall decrease
in the source fraction with redshift can been seen, with the
percentage fractions of X-ray, radio and the combined AGN
fraction given in Table 6.

2 3 4 5 6
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Figure 8. The faction of X-ray AGN (blue), radio AGN (red)
and the combined AGN fraction (black) in the SC4K catalogue,
in luminosity Ly, bins of 1093 ergs—!, showing the rapid in-
crease in the fraction of AGN as the luminosity increases. Similar
results have been found in previous studies, Matthee et al. (2017)
(maroon) is show here with our data. For comparison we also
show the AGN fractions found using spectroscopic data across
redshifts of z ~ 1 (grey) and z ~ 2 — 3 (lilac) from Sobral et al.
(2018b); Wold et al. (2014) respectively.

LAEs z ~ 2 —4 fraction =z~ 4 — 6 fraction
(%] (%]

Total in Catalogue 81.6 £ 0.6 18.44+0.6
X-ray emitters 6.9+0.4 2.8+0.6
Radio emitters 3.4+0.3 1.34+04

AGN (X-ray+Radio) 8.7+0.5 3.6 0.0

Table 6. The fraction of X-ray AGN, radio AGN and the com-
bined total AGN fraction in the redshift ranges of z ~ 2 — 4 and
z ~ 4 — 6 showing the overall decrease in AGN fraction with the
increase in redshift. The fraction of all sources in each redshift
range is also shown.

Thus the AGN fraction in each redshift bin decreases
with an increase in redshift, peaking at cosmic noon (z ~
2—3), as has been observed in previous studies (e.g. Calhau
2019). The peak observed at the redshift of z ~ 5 is likely due
to sample bias as only brighter LAEs are detected at high
redshifts which are found to be mostly AGN (see Section
4.2.1), and the sample size at higher redshifts is small.

4.2.8 Morphological Trends in SC/K AGN

From the morphology calculations the light radii of the
galaxies in our catalogue have been found (detailed in Sec-
tion 3.1). This allows the morphological trends of the AGN
in the range of z ~ 2 — 6 to be investigated. From our 303
AGN sources, only 198 had percentage light radii calculated
and only 53 have Sérsic indices which could be calculated to
a reasonable degree of accuracy (see Table 1).

Plotting the BHAR of those AGN, for which the mea-
sured BHAR values could be calculated, against the 20%,
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Figure 9. The fraction of X-ray AGN (blue), radio AGN (red)
and the combined AGN fraction (black) in the SC4K catalogue, in
redshift bins of 0.3 (indicated by the errors in redshift), showing
two slight peaks at z ~ 3 and z ~ 5 and an overall gradual
downward trend in the AGN fraction. The binomial errors in the
fraction of sources detected are shown.

50% and 80% light radii, shows the spread of AGN sizes, see
Figure 11, with most of the light being emitted about the
central region within which is the supermassive black hole.
80% of the light emitted by the whole active galaxy is within
~ 4.5 kpc of the centre, with 50% of the light emitted within
~ 3.0 kpc and 20% emitted within ~ 2.0 kpc of the centre
of the AGN. From the spread of the data points it can be
seen that the most active sources, for which the percentage
light radii have been calculated, typically have smaller light
radii at each percentage, with the percentage light radius de-
creasing with the increase in BHAR. Plotting the half light
radii calculated using the Sérsic profile (see Section 3.1.2)
of our AGN, against the BHAR values shows that the half
light radius decreases rapidly, from a radius of ~ 4.75 kpc
to a radius of ~ 0.1 kpc, with increasing BHAR. Thus most
light emitted by active galaxies is produced by the super-
massive black hole in the centre of these galaxies, with the
more active AGN being more luminous in the central region
the galaxy.

From the visually classified morphologies (see Section
3.1.1) the fraction of AGN in our catalogue with the differ-
ent visual morphologies shows that a greater percentage of
AGN have visual morphologies of 0 and 1, with the X-ray
and radio fractions peaking a visual morphologies of 0 and 1
respectively (see Figure 10). A slight peak in the AGN frac-
tion also occurs for a visual morphology of 3. Thus AGN are
typically more point-like compact sources with some appear-
ing as more irregular sources, which is consistent with what
we expect. This concurs with the half light radii, from the
Sérsic profiles, and the percentage light radii results, indicat-
ing AGN typically appear as very bright point-like sources,
with little of the surrounding galaxy visible due to the high
luminosity of the supermassive black hole itself.
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Figure 10. The fraction of X-ray (blue), radio (red) and the
combined AGN fraction (black) with visual morphologies of 0, 1,
2 and 3, corresponding to point-like, compact, disky and irregular
morphologies respectively, showing a peak in the fraction of AGN
at point-like and compact morphologies and again for irregular
morphologies. This is likely due to the compact nature of the
bright centres of Active Galaxies and the radio jets that can be
detected from AGN.
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Figure 11. The 20% (red), 50% (Purple) and 80% (blue) light
radii, against the BHAR with AGN of higher BHAR having
smaller percentage light radii. From the scatter the range of light
radii at 20%, 50% and 80% can be seen as ~ 0.1 — 0.5 kpc,
~ 0.5 — 1.0 kpc and ~ 1.2 — 3.0 kpc respectively.

4.3 SFR

Figure 12 (bottom right panel) shows that SFR is generally
greater at higher redshifts, except at redshifts z 2 5. Be-
tween redshifts 4.8 — 5, we no longer see SFR increase with
increasing z. Instead, the results show that a given SFR
occurs at a higher stellar mass M. Across the stellar mass
range, we see a local maximum in SFR for each redshift slice.
Averaged across the redshift range, this local maximum is
located at M ~ 10%3 Mg, for z ~ 2.5. However, we see that
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Figure 12. Lya SFR evolution with stellar mass for varying redshift bins. Top left: z ~ 2.5; top middle: z ~ 3.1; top right: z ~ 4.0;
bottom left: z ~ 4.8; bottom middle: z ~ 5.5; bottom right: combined results for all redshifts. Results from Dutton et al. (2010) and
Salmon et al. (2015) are plotted for redshifts z ~ 2.5 — 3.1 and for redshifts z ~ 4.0 — 5.5, respectively. We find that in general SFR
increases with stellar mass, and that SFRs are generally higher at higher redshifts. See Section 6.2 for further analysis.

this maximum appears to progressively shift to higher M
with increasing z, peaking at M ~ 10'°® Mg, for z ~ 5.5. The
amplitude of these maxima are also seen to increase with
increasing redshift. At z ~ 2.5, the peak is at SFR ~ 10*°
Meyr~!, but is located at SFR ~ 10%® Mgyr~* for z ~ 5.5.
However, the range of SFRs seems fairly consistent across
the redshift range. At z ~ 2.5, the range of SFRs is ~ 10°4
Meyr~!, but at z ~ 5.5 the range is ~ 10°° Mgyr ™.

From redshifts z ~ 2.5 — 4 we see that SFR increases
up to the maximum, dips briefly, then continues to increase
again after the local maximum. However, at higher redshifts
(z ~ 4 —5.5) we see SFR decrease after the ‘bump’. This
is most likely due to the ‘dust wall’ created by galaxies
with large stellar masses and high SFRs. This affects the
Ly« escape fraction, and hence directly affects the SFR we
calculate. According to Figure 13, this ‘dust wall’ occurs
at SFRs greater than ~ 10'® Mgyr™', and stellar masses
greater than ~ 10'° M.

Figure 13 shows that, averaged across the redshift range
z ~ 2 — 6, SFR increases with stellar mass, with further
results on the evolution of SFR with redshift presented in
Figure 14. In Figure 13 we also see more clearly that the
local maxima appear around a stellar mass of ~ 10%% Mg
for both Lya and UV. Given this, and that the shape of the
curves are practically the same, SFRry. and SFRyy are
consistent, but differ in their scaling. The scaling difference
gives an indication of the dust content and the ionisation
rate around the galaxies. This relationship is represented
by the ratio SFR1ya/SFRuv, also shown in green in Figure
13. This ratio peaks at M ~ 10'° Mg, which is also the

/\/

o
o

log1o(SFR [Moyr-1])
o
©
L L L L L L L L L

—e— Lya
0.4 —m— UV
Lya/UV - 3
ool v v v Ly v b v b b by
8 8.5 9 9.5 10 10.5 1

logio(Stellar Mass [Mo])

Figure 13. Averaged SFRs against stellar mass across the red-
shift range z ~ 2 — 6 calculated using Ly« luminosities and rest
frame UV magnitudes. Green diamonds show the ratio Lya/UV,
which gives an indication of the dust content and ionisation frac-
tion in galaxies. This ratio has been translated down by 3 in order
to better compare against Lya and UV.

point where we found the ‘dust wall’ to become significant.

Figure 14 shows that, across all our data, observational
SFRs tend to increase with redshift. Specifically, we find that
Logyo(SERLye ) = (0.140 + 0.004, and -Llogyo(SERUY ) =
dz 0 M®yr_1 ° : ? z g10 Mer_1

dz
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Figure 14. SFR evolution with redshift. Red squares: calculated
using Lya luminosities; black circles: calculated using rest frame
UV magnitude; orange triangles: from 1.4 GHz radio stacking;
green diamonds: FIR stacking. Results from Smit et al. (2012),
including those derived from Sobral et al. (2012a) and Reddy
et al. (2008), are plotted for comparison. Radio and FIR values
are upper limits from non-detections (detailed in Section 6.2). We
find that SFR increases with redshift across all tracers: Lya, rest
frame UV, FIR, and radio.

0.099+0.004. This demonstrates that SFRry. diverges from
SFRuv, which is due to the presence of dust and a vary-
ing ionisation rate. Radio data provides upper limits on the
SFR, and it is therefore in line with expectation that they
form the ‘ceiling’ values in Figure 14. As with Lya and UV,
SFR1.4cH, increases with redshift. No line of best fit was
plotted because theses results are from non-detections. FIR
data are also upper limits, and combined with UV would
roughly trace the SFR given by radio stacking, and therefore
give the total SFR, as FIR traces obscured star formation
and UV traces unobscured.

In Figure 14, the errors on redshift, SFR1y. and SFRyv
are standard errors, calculated from the standard deviation.
If error bars cannot be seen on SFRry. and SFRuv, it is
because they are contained within the points themselves.

The errors on the SFRpir results were derived from
uncertainties on the calculated frir upper limits. These were
determined by fitting and integrating two black body curves
— the best and least acceptable fits — to the flux density
upper limits (3 X noise from stacking) for each redshift.
The difference between the frir value obtained from each
integration was taken to be the error on the flux limit in
each case. The fractional error in each case was equated to
the fractional error for SFRpir values to determine the SFR
uncertainty. As the SFRpir are upper limits, lower limit
error bars were neglected. As such, only the positive error
was plotted, effectively giving the absolute upper limit of
SFR. This is not visible on Figure 14 as the errors were
negligible compared to the scale of the plot.

The errors on the radio SFR values were calculated by
equating the fractional errors of SFR1 4cn, and S1.4gH,. This
was done as, from Equation 9 and Equation 10, it can be
seen that SFRi 4cH, is proportional to flux density Si 4gHz-
As with the FIR SFR results, only the positive errors were
included on the Figure 14, giving the true upper limits.
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Figure 15. SFRD evolution with redshift. Green circles: calcu-
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gles: Rowan-Robinson et al. (2016). We find that SFRD decreases
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Figure 15 shows that SFRD decreases with in-

creasing redshift ilé the range z ~ 22 — 5.5.
FRDpyq

We ﬁl’ld %loglo(m) = —0.11 + 0027 and

j—zloglo(%) = —0.3 £ 0.1. In a similar fashion to

Figure 14, SFRDyy. diverges from SFRDuyv, again thought
to be due to dust and the ionisation rate.

5 PROGENITOR ANALYSIS

When studying objects at high redshifts it is important to
remember that the further away a galaxy is, the earlier in its
evolutionary lifetime it appears. This means that, by looking
at a wide range of redshifts, we can effectively watch the evo-
lution of these young galaxies. In this section we attempt to
study young LAE galaxies that will eventually evolve into
one of 3 types of z = 0 galaxies, these are dwarf, Milky
Way-like, and brightest cluster galaxies (BCGs). Their ear-
lier forms are referred to as dwarf-like, Milky Way-like and
cluster-like progenitor galaxies. In the study of the evolu-
tionary path of these progenitors, and particularly those in
the Milky Way-like category, we can learn much about the
history of our own galaxy and those nearby to us.

5.1 Methodology

5.1.1 Identifying Progenitors using Luminosity

To find progenitors in the SC4K catalogue we used Khosto-
van et al. (2018) as reference, in which LAE dark matter ha-
los masses are related to their luminosities. The dark matter
evolutionary track of present day galaxies with halo masses
~ 10*714 Mg were plotted in their paper (in which dwarf
galaxies, Milky Way-type galaxies and BCGs are classified as
having ~ 10" Mg, ~ 10'*> Mg and > 10"® Mg respectively).
Using data from said plot, values for the average dark matter
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halo mass Mpalo of dwarf-like, Milky Way-like and cluster-
like galaxy progenitors were found at redshifts matching our
redshift slices. This data was then used in Equation 18, to
produce average values for the Lya luminosity of progenitor
galaxies at these same redshifts. In the case of cluster-like
progenitors, their dark matter halo masses are greater than
10" Mg, so instead of using the range of the luminosity er-
rors as limits for choosing our progenitors, Equation 18 was
used with the Mpaio = 103 Mg and Mpaio = 10 Mg lines
from Khostovan et al. (2018) with the range of errors on the
luminosities produced as the extended range of luminosities
for cluster-like progenitors.

10810(L(2) = 5oty (100 (222 ) ~12197388) Homso (L ()
Y2 —0.12

Mg
(18)

Where Equation 18 is derived (under the condition L < L*
as this is true for the majority of our Ly« luminosities, with
the exception being 2 < z < 3.5, Mpalo ~ 1014 Mg, cluster-
like progenitors, for which 2.087912 is replaced by 0.631512)
from Khostovan et al. (2018). L(z) and Muai, are the average
Lya luminosity and dark matter halo mass of the progenitor
in question, and L*(z) is the Lya characteristic line lumi-
nosity at redshift z. These values were then used to isolate
which galaxies in our data set would later evolve into dwarf-
like, Milky Way-like and cluster-like galaxies. No dwarf-like,
a small number of Milky Way-like, and a much larger num-
ber of cluster-like progenitors were found (see Table 7). This
is likely due to the selection bias present in high redshift
detections as only the most massive of galaxies have lumi-
nosities high enough to be observed at such great distances.
Thus the progenitors of cluster-like galaxies will be more
highly represented than Milky Way-like progenitors as they
are more massive and luminous. The same applies to Milky
Way-like versus dwarf-like progenitors. The resulting sets
of Milky Way-like and cluster-like progenitors were used to
calculate mean values per redshift of the galactic properties
listed in Section 3.1.1, Section 3.1.2 and Section 3.1.3 for
both sets, along with standard deviation errors. Addition-
ally, when discussing progenitor results the lookback time
is used in place of redshift in order to better represent the
progenitor galaxy’s evolution with time.

5.1.2 Identifying Progenitors through SFR

To determine what SFR a galaxy with a specified mass needs
in order to evolve into a galaxy with a mass similar to the
Milky Way, we made the assumption that SFR is constant
across cosmic time. With this assumption, we can easily in-
tegrate SFR with respect to time to determine how much
mass is added to a galaxy over time.

Mmwp = Mmw — [SFR x LBT] (19)

Mumwp is the mass of the Milky Way progenitor galaxies,
Muw is the mass of the Milky Way, and LBT is the Look-
back Time. We use Myw = 6.43 x 10'° Mg from McMillan
(2011).

Figure 19 shows what mass a galaxy should have at the
time we are observing them, for a given average SFR, in
order to have a stellar mass equal to the Milky Way now.

5.2 Results
5.2.1 Progenitor Morphologies

For the set of Milky Way-like progenitors it can be seen from
Figure 16 that all measurements of the progenitor’s radii are
increasing with age (increase in ra9 = 0.1684-0.015 pcMyr™*,
increase in rs0 = 0.38 &= 0.03 pcMyrfl7 increase in rgp =
0.70 + 0.04 pcMyr—! and tentative increase in r. = 1.5 +
1.3 pcMyr™ ') and, particularly for re, fit with results from
the literature. As in Section 4.1.2, the 50% to 80% light radii
range is increasing faster than that of the 20% to 50% range,
if slightly slower (~ 1.5 times faster, rather than ~ 1.75 as
before). As Figure 17 shows, the Milky Way-like progenitors
have stellar masses which are increasing with age at a rate
of 10°1%1-0 My Gyr~!. This data doesn’t fit as well as the
r. data but it does within standard deviation error. The
progenitors’ Sérsic index values do not fit well with literature
values, however it does still fall within the range of its large
error bars. There is only one Milky Way-like progenitor data
point for VC mean which is 0.9 + 1.1 which corresponds to
a compact visual morphology, it does however have large
errors due to a wide range of visual morphologies contained
within this one mean.

Like those of the Milky Way-like progenitor radii, all
measurements of cluster-like progenitor radii are increas-
ing with age (increase in r2o = 0.08 £ 0.02 pcMyr—!, in-
crease in rs0 = 0.16 & 0.04 pcMyr~!, increase in rgo =
0.23 £ 0.11 pcMyr~! and tentative increase in r. = 0.23 +
0.16 pcMyrfl). Unlike in Section 4.1.2 and with the Milky
Way-like progenitors, the 50% to 80% light radii range are
increasing at roughly the same rate as the 20% to 50%
range. The results for cluster-like progenitor radii fit with
the lowest results from Nelson et al. (2002), however, in
order to fit with the majority of the rest of the results
from Nelson et al. (2002), there would have to be a sig-
nificant increase in rate of increase of radii (from a rate of
increase in r. = 0.23 & 0.16 pcMyr~! to a, post lookback
time = 10.5, rate of increase of ~ 4.5 pcMyr—!, so a rate
~ 20 times larger). Figure 18 shows that the cluster-like
progenitors appear to have a greater rate of stellar mass loss
than that of the full SC4K set with a tentative decrease of
100-11£0-96 N[ Gyr~! which does not agree with data from
Stott et al. (2010). There are still large errors on the points
however, and they increase in size with age. The Sérsic in-
dex values for this set of progenitors fit well with the lower
values of n from Nelson et al. (2002) and would only need
a small increase in their rate of n increase with time to fit
with the majority of the rest of the values from Nelson et al.
(2002). However, they have very large error bars and have
a very wide spread across a the range 0 < n < 2.5. In the
case of cluster-like galaxies there are more VC mean data
points than for the Milky Way-like progenitors which shows
almost no evolution with time (rate of VC mean decrease
=0.1403 Gy ).

5.2.2  Progenitor SFR

Figure 19 shows that, for our sample, most early galaxies
must have an average SFR < 10°™ Mgyr~! over their
lifetimes in order to have a stellar mass similar to that
of the Milky Way today. However, given that our average
SFR = 10!-193%0-005 N[ vr=1 galaxies in the early Universe
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Data Reduction Total Number
Set Conditions of Sources
Full SC4K None 3908
DG Progenitor L(z) — o(down)y,(;) < Lrya(2) < L(2) + o(up)r(z) 0
MW Progenitor L(z) — o(down),(;) < Lrya(2) < L(2) + o(up)(z) 62
CG Progenitor  Lyin(2) — o(down)y, . (») < Lrya(2) < Lmax(2) +o(up)r,.. () 2984
Redshift SC4K DG Progenitor =~ MW Progenitor CG Progenitor
z Sources (%) Sources (%) Sources (%) Sources (%)

2.22 4.1+£0.3 - 61+13 1.74+0.2

2.51 19.0+0.8 - - 16.0 = 0.8

2.82 8.0+ 0.5 - 45+£10 10.4 £ 0.6

2.98 18.24+0.7 - - 228+ 1.0

3.12 1.15+0.17 - - 1.44+0.2

3.15 12.44+0.6 - - 15.6 £ 0.8

3.33 16.4 £ 0.7 - - 20.4£0.9

3.72 2.54+0.3 - - 294+0.3

4.13 3.6+0.3 - - 0.03 £0.03

4.58 2.0+£0.2 - - -

4.83 2.1+0.2 - - -

4.85 2.0+£0.2 - - 20+£0.3

5.07 2.0+£0.2 - - 1.84+0.2

5.31 0.84 +£0.15 - - 0.10 +0.06

5.71 49+04 - 1.6 +1.6 46+04

5.80 0.90 +£0.15 - - 0.03 £0.03

Table 7. Table showing the reduction conditions used in Section 5.1.1 on the SC4K catalogue and the number of sources in the data sets
produced, including the percentage of each data set’s total number of sources in each redshift slice. Where DG, MW and CG Progenitors
are dwarf-like, Milky Way-like and cluster-like progenitor galaxies, L(2) and o(down/up)r,(;) are the progenitor Lya luminosity at
redshift, z, and it’s associated down/up error calculated using Equation 18 (similarly L,y /max(2) and U(down/up)Lmin/max(z)are the
min/max CG progenitor Lya luminosities at redshift, z, and their associated down/up error see Section 5.1.1) and Lry(2) is the Ly«
luminosity of an SC4K galaxy at this same redshift. The — found in several columns is due to a lack of any sources for this redshift slice,
as in Tables 1 and 5, large errors are caused by the comparatively large number of sources in a redshift slice in relation to the total for
that set.
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Figure 16. The sizes of our Milky Way-like progenitors as a function of lookback time for different radii (rn) and their standard
deviations, where blue is rgg, red is rs50, green is rgg, black is re from this paper and purple are the Milky Way-like progenitor r. values
from van Dokkum et al. (2013).
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Figure 18. Mean stellar mass and standard deviations per redshift slice against lookback time (Gyr) for cluster-like progenitors, where
navy is Mggellar from this paper, and orange are the stellar masses of brightest cluster galaxies (BCGs) from Stott et al. (2010).

must experience a decrease in their average SFRs over time
in order to become like the Milky Way. Overall, galaxies in
our sample must have a stellar mass M ~ 10'°Mg and SFR
less than 10%™ Mgyr~! in order to be classified as Milky
Way progenitors.

6 DISCUSSION

In this section the results given in Section 4 are discussed,
with the morphologies, SFR, AGN and Progenitor results

discussed in Section 6.1, Section 6.2, Section 6.3 and Section
6.4, respectively.

6.1 Morphologies

Our values for the compactness (C = 2.6 + 0.4) and Sérsic
index (n = 1.9 £ 2.2) agree with those of Paulino-Afonso
et al. (2018) for the same data set suggesting the majority of
the galaxies in the SC4K data set are compact disks. Our VC
mean results have a correlation of 0.64 with those of Paulino-
Afonso et al. (2018) and this is likely due to a difference
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in interpretations of classification boundaries and does not
stop conclusions being drawn from these results. The general
growth of radius detailed in Section 4.1.2 agrees with the
literature on evolution of LAEs, as does the roughly constant
stellar mass, once selection bias has been taken into account.
Our results show that at greater distances a much smaller
number of less massive, low luminosity galaxies can be seen.
This skews results upward at high redshifts and downwards
at low redshifts for stellar masses and creating the slight
arch seen in the VC mean and n results in Section 4.1.1 and
Section 4.1.2. In the case of the whole of the SC4K data set,
it can be suggested that as these galaxies are evolving they
do not gain much stellar mass (Figure 7) to increase their
radii, and rather flatten out from compact galaxies to less
compact disky galaxies (Figure 4) as their 50% to 80% light
radii regions are growing 1.75 times faster than their 20% to
50% light radii regions (see Section 4.1.2).

6.2 SFR

As outlined in Section 4.3 we found that SFR increases with
increasing stellar mass and increasing redshift. This may be
because galaxies with large stellar masses are able to draw in
large quantities of gas, which enable them to form more stars
than galaxies with lower stellar masses. Feedback may also
be significant at lower redshifts, where galaxies have used up
their original material, and in order to form new stars need
to reuse material from stars which have gone supernovae.
Only the more massive galaxies can do this, because galaxies
with lower stellar masses have lower escape velocities, and
therefore lose more stellar material. It is also possible that
the most massive galaxies were able to become so massive
due to having a large SFR.
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At higher redshifts, the flux from galaxies becomes less
and less, and hence we are only able to detect the most
luminous galaxies (with highest SFR), and this therefore
creates the selection bias mentioned previously. This is best
shown in Figure 14, where we see that all SFRs increase
with redshift, due to the flux limit. This particularly affects
the upper limit results from radio and FIR stacking, which
were obtained through the use of non-detections. Due to the
stacking process, however low the flux in each case may have
been, all that is obtained is the flux upper limit (relating to
noise, rather than measurements). For increasing luminosity
distance dr, (i.e. increasing redshift), a given flux will corre-
spond to increasing luminosity L as L o d2 (demonstrated
by Equation 9 and Equation 13). SFR is in turn propor-
tional to luminosity and this therefore leads to increasing
SFR with increasing redshift.

In Figure 14, the results from Smit et al. (2012), So-
bral et al. (2012a), and Reddy et al. (2008) are for the SFR
function, not (like our results) for the average observational
SFR of their sample. They are therefore typical SFRs for
galaxies (SFR*). At lower redshift, we are able to observe a
larger number of galaxies forming stars at a much lower rate
than SFR*, and therefore our results are lower at this red-
shift (SFR < SFR*). However, in Figure 14 we find that at
redshifts z ~ 4 — 5, the flux limit is such that we observe the
typical SFR. Above this redshift, our selection bias pushes
the observed SFRs up, and hence why our results continue
to increase with redshift, whereas SFR* decreases.

In Figure 13 we see that the SFR predicted by Dut-
ton et al. (2010) starts much lower than our results, and
increases much more rapidly over the redshift range z ~
2.5 — 3.1. Our results are generally higher than these model
predictions due to the selection bias explained previously.
We see that our data matches Dutton’s predictions around
stellar mass M ~ 10'° Mg, after which Dutton et al. (2010)
predictions continue to increase, whereas our results are
roughly constant. This is due to the ‘dust wall’ that builds
up in galaxies with higher stellar masses and higher SFRs.
Between the redshift range z ~ 4—5.5 we compare to Salmon
et al. (2015). These are median dust corrected UV SFR
results from CANDELS (Cosmic Assembly Near-infrared
Deep Extra-galactic Legacy Survey). In a similar fashion
to Dutton et al. (2010), these results start much lower than
our values, but then increase rapidly with stellar mass and
become greater than our results. This shows the difference
between dust-corrected and uncorrected SFRs.

6.3 AGN

Active galactic nuclei (AGN) are the highly active super-
massive black holes at the centre of active galaxies, which
emit strongly in the X-ray and radio wavelengths. The X-ray
emissions of an AGN are produced by the accretion disc and
the high energy particle jets of the supermassive black hole,
with the radio emissions of the AGN also being produced
by the jets as well as lobes of high energy particles fed by
these jets. Previous studies have found that the activity of
the AGN is also traced by the Lya emissions of the dust
surrounding the black hole, with the brightest LAEs typi-
cally being AGN (e.g. Sobral et al. 2018a,b). Thus, as Ly«
traces both AGN activity and SFR, the emissions from the
AGN will contaminate the emissions due to star formation
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within the active galaxy, the SFR of AGN cannot be calcu-
lated using the Ly« emission lines. Additionally, as X-ray
and radio emissions also trace the AGN activity and parti-
cle jets, the SFR cannot be calculated from those emission
lines. The high Lya emissions of AGN also cause them to
appear bluer and more luminous than star forming LAEs,
which causes the SED fitting of an AGN light curve to give
a smaller stellar mass value for the AGN due to the AGN
emissions causing the galaxy to appear to contain more O
and B type stars. Despite being unable to investigate the
mass and SFR trends of the AGN in the SC4K catalogue,
we are able to investigate the trends in the fraction of AGN
in the SC4K catalogue and the BHAR of these AGN with
redshift, Lya luminosity and their morphologies.

The AGN in our sample are found to be highly luminous
with the fraction of X-ray and radio sources in our catalogue
increasing with the log of the Lya luminosity, which is con-
sistent with results found in Matthee et al. (2017) and the
trend found with spectroscopic data in Sobral et al. (2018a)
and Wold et al. (2014). Thus we conclude that AGN are
typically the brightest LAEs across all redshifts.

The fraction of AGN in our catalogue at different red-
shifts shows that the abundance of AGN in the universe
peaks at a redshift z ~ 3, just before the peak in star forma-
tion rate at z ~ 2, and decreases with increasing redshift.
This suggests that there may be a relation between an in-
crease in the activity of the supermassive black hole of a
galaxy and the burst of star formation within the galaxy, as
in Madau & Dickinson (2014), producing the SFRD peak at
cosmic noon.

From the morphology data, obtained for each galaxy
in the catalogue, it was found that the AGN identified are
point-like compact galaxies, with most of the light emitted
by the active galaxy produced within ~ 4.5 kpc of the ge-
ometric centre of the galaxy. The light radii of these AGN
were found to decrease with increasing BHAR (see Figure
11), indicating the majority of the emissions of an active
galaxy being produced by the accretion disk of the super-
massive black hole itself. Thus AGN appear as bright, com-
pact, point-like sources for which little of the surrounding
galaxy can be observed due to the high luminosity of the
supermassive black hole.

At high redshifts only the brightest galaxies can be ob-
served. Our sample size at high redshifts is small, a high
fraction of which are AGN likely due to the high luminosity
of AGN allowing them to be observed at these high redshifts.
This may have produced a sample bias in the fraction of ob-
served galaxies at high redshifts, and the peak in the fraction
of AGN at high redshifts may be an artefact of this sample
bias. Thus deeper searches at high redshifts are required to
further investigate the trends presented in this paper.

6.4 Progenitors

The radii results from our Milky Way-like progenitor data
set fit well to results from van Dokkum et al. (2013) and thus
it can be expected that they will follow trends in this data
and decrease their speed of growth with time. The stellar
mass results also fit, within error bars, to the data from
Marchesini et al. (2009), Ilbert et al. (2013) and Muzzin
et al. (2013) and thus we can also expect them to follow
the trend. While our Milky Way-like progenitor Sérsic index

values may technically agree with the data within errors
bars, said error bars are far too large for these results to
offer any meaningful conclusions.

As the selection bias present in the SC4K catalogue
works in our favour with cluster-like progenitors, since they
are the most luminous of our three categories, we can iden-
tify more potential cluster-like progenitors and increase the
range of lookback times we can study. As with all of our re-
sults the radii of the cluster-like progenitors are increasing in
general, however in their case they increase sharply just be-
fore a lookback time of ~ 10 Gyrs which is the point at which
De Lucia & Blaizot (2007) predicts that these galaxies will
start growing via mergers. Practically no compact or disky
classifications are found at lookback times approaching ~ 10
Gyrs and a large number of point-like and irregular (which
includes merger) classifications are. This implies, along with
the spike in radii size at a similar time, that the cluster-like
progenitors in the SC4K are beginning to merge with other
galaxies and grow through that mechanism rather than stel-
lar mass production. Similarly to its effect as described in
Section 4.1, the selection bias present in the SC4K catalogue
is likely to be the cause of the downward trend seen in Fig-
ure 18. This being said BCGs are formed mostly by galaxy
mergers after lookback time ~ 10 Gyrs and thus it might not
necessarily be expected to see a trend that could be extrap-
olated to match to the Stott et al. (2010) data as they have
likely merged many times since lookback time ~ 10 Gyrs. In
contrast to the the Milky Way-like progenitors, cluster-like
progenitor Sérsic index values show an increase that agrees
with results from Nelson et al. (2002). While the errors are
large the spread of data points is mirrored in the data from
Nelson et al. (2002) suggesting that, as bright cluster galax-
ies are formed through mergers, a large range of n values is
to be expected but that on average cluster-like progenitor
Sérsic indexes increase with age.

In Section 5.2.2 we found that the majority of galaxies
in the SC4K sample must decrease their SFRs over cosmic
time in order to have a stellar mass similar to that of the
Milky Way at present. The results of this paper suggest that
SFR decreases with decreasing redshift in the range z ~ 6—2
(see Figure 14), which suggests that a significant portion of
our sample has the potential to have a mass similar to that of
the Milky Way today. Therefore galaxies at redshifts ~ 6 —2
with stellar mass M ~ 10'° Mg and SFR ~ 10°™ Mgyr™*
(see Section 5.2.2) will be Milky Way progenitors in terms
of stellar mass.

However, the results from Smit et al. (2012), Sobral
et al. (2012a), and Reddy et al. (2008) (see Figure 14) show
that the typical SFR (SFR*) increases with decreasing
redshift from z ~ 6 — 2. Therefore, according to these
results, there must be a steep decline in SFR between
z ~ 2 — 0 in order for galaxies in the SC4K sample to be
Milky Way progenitors in terms of stellar mass.

7 CONCLUSIONS

In this paper we analyse a sample of ~ 4000 high redshift
Lya emitters (LAEs), specifically looking at their morpholo-
gies, SFRs, and AGN activity. Finally we also attempt to
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predict the properties of local galaxies at an earlier time.
Our main results are:

e The SC4K catalogue is mostly made up of compact
disky galaxies (average n = 1.9 + 2.2) taking up a 69 + 4%
share of the overall total with the complete set having a
mean compactness, C = 2.6 + 0.4.

e The average SFRrya across our whole sample (exclud-
ing AGN) is 16.5+0.3 Meyr~', and an average SFRuy (un-
corrected for dust) of 4.55 + 0.08 Mpyr~'. In general, our
higher redshift LAEs present higher SFRs, a consequence of
a higher Lya luminosity limit. Our radio and FIR stacking
measurements form upper limits to the SFR in our sample,
as they are calculated from non-detections. They are mostly
found to be between 100 — 1000 Mgyr—!.

e SFR is also found to increase with increasing stellar
mass. In addition, we also find a characteristic ‘bump’ in
SFR at M ~ 10°2 Mg at z ~ 2.5. This bump is shown to
progressively move towards higher stellar masses at higher
redshifts. We find that the dust content varies with stellar
mass in galaxies, and we find that this peaks at stellar masses
M ~ 10'° Mg, at which point a ‘dust wall’ is likely prevent-
ing a large fraction of Lya and UV photons from escaping
(Sobral et al. 2018b).

e In the SC4K catalogue 303 AGN were identified, us-
ing X-ray and radio emissions, with BHARs from ~ 0.03
Mg yr—* to ~ 3.3 Mg yr*.

e We found that the percentage fraction of AGN in the
SC4K catalogue increases with increasing Lya luminosity
and decreases with increasing redshift, peaking at a redshift
of z ~ 3 just before the peak in SFRD of cosmic noon.

e The AGN morphologies found show that AGN are typ-
ically point-like elliptical galaxies, with the Sérsic and per-
centage light radii decreasing with increasing BHAR.

e SC4K LAE:s start off as compact galaxies and then flat-
ten out into less compact disks, without a large amount of
stellar mass growth, their 50% to 80% light radii range grow-
ing ~ 1.75 faster than their 20% to 50% light radii range.

e We show that LAEs in the range z ~ 2 — 6 of different
luminosities may evolve into galaxies with a range of masses
in the local Universe.

e LAEs that will likely evolve into Milky Way-type galax-
ies in the local universe are rare in the SC4K data set how-
ever they do seem to follow established galaxy evolutionary
trends.

e The majority of high redshift LAEs are likely to become
the massive elliptical galaxies at the cores of the brightest
cluster galaxies (BCGs). Our analysis shows that these LAEs
show signs of beginning their mass and radii evolution via
merging with other galaxies at a lookback time of ~ 10 Gyrs
with little stellar mass evolution before this point.

e In terms of stellar mass, we found that galaxies in the
redshift range z ~ 2 — 6 need a stellar mass M ~ 10'° Mg
and a SFR ~ 5.4 Moyr~! in order to be classified as a Milky
Way progenitor. However, given that the sample average
SFR =~ 12.6 Mgyr~!, galaxies in the early Universe must
experience a decrease in their average SFRs over time in
order to become like the Milky Way.

The high redshift LAEs in the SC4K data set provide an
insight into the origins of some of the most massive galaxies
in the local Universe as well as a look at how some early
Milky Way-like progenitors may have looked. Further light
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could be shed on this latter group of early galaxies if higher
resolution and deeper field data could be provided for the
range z ~ 2 — 6 as this would allow a greater number of less
massive galaxies to be studied which would result in more
Milky Way-like (and possibly some dwarf-like) progenitor
sources to study. This extra data would also shed more light
on the further evolution of cluster-like progenitors (espe-
cially if the survey could be extended to z ~ 1.5) as well as
reducing the effect of the selection bias that has been a fea-
ture in many of our results. Ultimately it would be ideal for
a deep field study to be carried out on a section of sky and
a subsequent catalogue, similar to SC4K, to be created over
a full range of wavelengths and from z ~ 0 — 8 or further, in
order to get a clearer picture of the evolutionary path of all
types of galaxy found in the local Universe.
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